Supercoiled plasmid DNA harboring an insert of (dG-dC)16, a sequence known to form Z-DNA upon negative supercoiling, was reacted with chloroacetaldehyde. Chloroacetaldehyde, like bromoacetaldehyde, was found to be a specific probe for detecting unpaired DNA bases in supercoiled plasmid DNA. Under torsional stress (at bacterial superhelical density), chloroacetaldehyde reacted at multiple discrete regions within the neighboring sequences of the (dGdC)16 insert. When the plasmid population was considered as a whole, the distribution of the chemically reactive bases exhibited a pattern of inversion symmetry with the center of inversion in the middle of the (dG-dC)16 insert. However, when a single supercoiled plasmid molecule was considered, chloroacetaldehyde reacted with only one of the neighboring sequences, either 5' or 3' of the (dG-dC)16 insert, but not with both. The possibility that the supercoiled plasmid DNA is in equilibrium with these two structural forms is discussed. Here we describe the reaction of BrCH2CHO and its less potent analogue, chloroacetaldehyde (ClCH2CHO), with an alternating purine/pyrimidine sequence that adopts a lefthanded Z-DNA structure under torsional stress (5-9). ClCH2CHO (10), which is a commercially available reagent, reacts with N-1 and N6 of adenine residues and the N-3 and N4 of cytosine residues only when these positions are not involved with hydrogen bonding, as is the case with BrCH2CHO (11). Thus, it is specific to single-stranded DNA (12, 13) and is a useful probe to study DNA-protein interactions (13). Diethyl pyrocarbonate, which carbethoxylates purines at the N-7 atom (14, 15), is a useful reagent to study Z-DNA structure, for it preferentially reacts with purines of alternating purine/pyrimidine sequences under torsional stress (16, 17) . The structure at the junctions between right-handed B-DNA and left-handed Z-DNA has been studied with nuclease S1 (ref. 18 and refs. therein) and chemical reagents such as hydroxylamine, osmium tetroxide, and dimethyl sulfate (17). These data indicate that there are unusual DNA structures, possibly single-stranded in nature, at the B-DNA-Z-DNA junctions. However, it remains unclear whether the B-Z junction indeed contains unpaired DNA bases. Results from others (19) using BrCH2CHO suggested that there are no unpaired features at the B-Z junction.
dC)16 insert. When the plasmid population was considered as a whole, the distribution of the chemically reactive bases exhibited a pattern of inversion symmetry with the center of inversion in the middle of the (dG-dC)16 insert. However, when a single supercoiled plasmid molecule was considered, chloroacetaldehyde reacted with only one of the neighboring sequences, either 5' or 3' of the (dG-dC) 16 insert, but not with both. The possibility that the supercoiled plasmid DNA is in equilibrium with these two structural forms is discussed.
When under torsional stress, DNA is capable of assuming a variety of conformations that deviate from the normal B-DNA structure. Such non-B structures are favored by certain DNA sequences. When such DNA sequences assume a non-B structure, DNA bases often become unpaired. To analyze altered DNA conformations, Kohwi-Shigematsu et al. (1) found bromoacetaldehyde (BrCH2CHO) to be a specific probe for detecting unpaired DNA bases both in supercoiled plasmid DNA and in chromatin. Examples of the DNA sequences that react with BrCH2CHO in supercoiled plasmid include inverted repeat sequences (1, 2) and homopurine/homopyrimidine sequences (3) . Under bacterial superhelical density, homopurine/homopyrimidine sequences were found to induce their neighboring sequences to adopt an altered DNA conformation in a direction-specific manner (3) . DNA sequences that readily adopt non-B structures under torsional stress may have an important role in forming altered DNA structures in chromatin (1, 4) .
Here we describe the reaction of BrCH2CHO and its less potent analogue, chloroacetaldehyde (ClCH2CHO), with an alternating purine/pyrimidine sequence that adopts a lefthanded Z-DNA structure under torsional stress (5) (6) (7) (8) (9) . ClCH2CHO (10) , which is a commercially available reagent, reacts with N-1 and N6 of adenine residues and the N-3 and N4 of cytosine residues only when these positions are not involved with hydrogen bonding, as is the case with BrCH2CHO (11) . Thus, it is specific to single-stranded DNA (12, 13) and is a useful probe to study DNA-protein interactions (13) . Diethyl pyrocarbonate, which carbethoxylates purines at the N-7 atom (14, 15) , is a useful reagent to study Z-DNA structure, for it preferentially reacts with purines of alternating purine/pyrimidine sequences under torsional stress (16, 17) . The structure at the junctions between right-handed B-DNA and left-handed Z-DNA has been studied with nuclease S1 (ref. 18 and refs. therein) and chemical reagents such as hydroxylamine, osmium tetroxide, and dimethyl sulfate (17) . These data indicate that there are unusual DNA structures, possibly single-stranded in nature, at the B-DNA-Z-DNA junctions. However, it remains unclear whether the B-Z junction indeed contains unpaired DNA bases. Results from others (19) using BrCH2CHO suggested that there are no unpaired features at the B-Z junction.
In this paper we present evidence that the B-Z junction is in fact unpaired at various pH conditions. We have also analyzed the conformational effect of an alternating purine/ pyrimidine sequence on its neighboring sequences.
MATERIALS AND METHODS
Reactions of ClCH2CHO or BrCH2CHO with Supercoiled Plasmid DNA. BrCH2CHO was purified and reacted with DNA as described (1, 3) . ClCH2CHO was purchased from Fluka as a 50% (vol/vol) solution in water. One hundred micrograms of supercoiled plasmid pLP32 (6) was resuspended in 100 Al of reaction mixture, which consisted of 50 mM sodium acetate (pH 5 or pH 5.5) or 10 mM cacodylic acid (pH 6 or pH 7, as adjusted with KOH) and 2 Al of ClCH2CHO (directly from the bottle) or 5 ,ul of purified BrCH2CHO. Incubation was for 1 hr at 37°C. ClCH2CHO is a known chemical carcinogen (20) and mutagen (21) . It was detoxified with bleach before it was discarded.
Reaction of Diethyl Pyrocarbonate with Supercoiled Plasmid DNA. The reaction conditions were essentially as described (16) , except supercoiled DNA (1 ,ug) was resuspended in 200
Al of 50 mM sodium acetate (pH 5 or pH 5.5) or 50 mM sodium cacodylate (pH 6 or pH 7) for the diethyl pyrocarbonate reaction.
Mapping of the CICH2CHO-, BrCH2CHO-, or Diethyl Pyrocarbonate-Modified Sites. The procedure for mapping the BrCH2CHO-or ClCH2CHO-modified sites was essentially as described (3) . The procedure for mapping the diethyl pyrocarbonate-reactive sites was as described (16) .
RESULTS
The B-DNA-Z-DNA Junctions Contain Unpaired DNA Bases. The supercoiled pLP32 plasmid, harboring a 32-basepair (bp) alternating dG-dC sequence inserted at the BamHI site of pBR322 (6) , is known to form Z-DNA at native bacterial superhelical densities as low as -0.03 (6, 16 The doublet with virtually the same intensity appeared for plasmids modified with ClCH2CHO at pH 5, 5.5, 6, and 7 when 1 unit of nuclease S1 was used per ug of DNA. This indicates that there are unpaired bases at the B-Z junctions and that such conformation is present at the same frequency at various pH (5-7). However, when S1 was used at 0.1 unit per ,ug of DNA, the typical doublet appeared for the plasmid modified at pH 5 only (Fig. 2B ). The doublet was very faint for plasmids modified at higher pH. (The data for the plasmid treated at pH 5.5 and pH 6 are not shown.) This suggests that at pH 5, the extent of ClCH2CHO reactivity in these regions is greater than at higher pH (more unpaired bases), and thus the regions are accessible to subsequent cleavage by a lower amount of nuclease S1. Since there is no significant alteration in the chemical reactivity in the range of pH 5-7 (11, 12) , the pH dependence of the ClCH2CHO reaction with the sequences in the B-Z junction reflects a subtle geometric alteration due to pH changes. The pH effect described here may be the major reason why unpaired DNA bases have not been previously detected (19) by use of a similar method.
Fine Mapping of the CICH2CHO-Modified DNA Bases. Next we determined the distribution of the ClCH2CHO-reactive bases to single-base resolution. A two-step analysis was employed. First, the doublet (L and S) bands generated by ClCH2CHO-treated plasmid molecules digested with either Ban II or Nhe I and by nuclease S1 at 1 unit per Ag of DNA condition as shown in Fig. 2A were isolated from a nondenaturing polyacrylamide gel. Next, the individual frag- J.
-CAA- ClCH2CHO-modified site with nuclease S1 at 1 unit/,ug (as shown in Fig. 1A, left panel) , and much higher molecular weight bands (H), generated by S1 at 0.1 unit/pg (Fig. 1B, left panel) , were isolated from a nondenaturing polyacrylamide gel and were electrophoresed in a denaturing 7 M urea/6% polyacrylamide gel. Markers are Nhe I-Ban II DNA fragments, 3'-end-labeled at the Nhe I site and chemically cleaved by the Maxam-Gilbert method. C indicates chemical cleavage at cytosine residues, and G indicates guanine residues. Bands shown by open circles are most likely degradation products, since the intensities of these bands are variable and greatly dependent upon sample storage time. Right panel: the bands of 120 bp (L) and 90 bp (S), generated by S1 at 1 unit/jig (Fig. 1A, right panel) , and much higher molecular weight bands (H), generated by S1 at 0.1 unit/,pg (Fig. 1B, right These ClCH2CHO-reactive regions on each of the DNA strands are indicated I-IV (Fig. 2A) . The determination of the boundaries of these regions will be described below. Bands L and S revealed short stretches of ClCH2CHO-reactive bases adjacent to the (dG-dC)16 insert. Within these regions, there are local variations in reactivity to ClCH2CHO. This is indicated by the differences in the intensity of individual bands (Fig. 2A) . The ClCH2CHO-reactive sites are not limited to these short stretches. After much longer autoradiographic exposure times, a smear is visible (especially for the bands L), which indicates that ClCH2CHO reactivity extends even farther from the (dG-dC)16 insert (see extreme left lanes of Fig. 2A, right and left panels) . In addition, longer exposures revealed that there is minor reactivity of the bases within the (dG-dC)16 insert (extreme left lane of Ban II digestion, Fig. 2A) .
At a high concentration of nuclease S1 (1 unit/pg), the ClCH2CHO-reactive sites proximal to the 3'-end-labeled restriction sites are nicked almost quantitatively by the enzyme, and thus the ClCH2CHO-reactive sites distal from the restriction sites become harder to see. This problem is especially serious when the ClCH2CHO reactivity of the region proximal to the restriction site is relatively high. To overcome this, first we analyzed the band H generated by a lower amount of nuclease S1 (0.1 unit/,ug). Band H is expected to contain a subpopulation of DNA molecules that has S1 nicks at the ClCH2CHO-reactive region around the (dG-dC)16 insert. The number of S1 nicks per molecule could be multiple, but the frequency was expected to be low because the DNA fragments would remain full-size doublestranded DNAs. The band H analysis allowed us to assign the farthest ClCH2CHO-reactive sites in the neighboring region proximal to the labeled restriction sites (indicated by horizontal arrows in regions I and IV, see the extreme right lanes of Fig. 2A, right and left panels) . These sites are mapped to the junction of the pBR322 vector sequence and the (dGdC)16 insert. These multiple bands around the (dO-dC)16 insert derived from bands H are due to ClCH2CHO reaction at these sites on the original supercoiled DNA and not due to direct nuclease S1 cleavage of unmodified DNA after it was digested with a restriction enzyme. For example, the Nhe I-Ban II fragments isolated from plasmids modified with ClCH2CHO followed by nuclease S1 revealed similar specific bands at the B-Zjunction on a denaturing acrylamide gel, but no bands in that region were visible for the fragment isolated from the nuclease Sl-treated unmodified plasmids (data not shown).
This method employing bands H was not applicable, however, for mapping the farthest ClCH2CHO sites distal from the restriction sites (regions II and III). To determine the upper boundaries for the ClCH2CHO-reactive sites in regions II and III, we studied band L generated by nuclease S1 at a concentration of 0.1 unit/,ug. The data (Fig. 2B) indicate that the ClCH2CHO-reactive sites in regions II and III are bimodal in distribution (indicated as IIa, Ib, IIIa, and 111b). In contrast, similarly treated bands S were still unimodal in distribution, and the pattern for the ClCH2CHO-reactive sites did not differ significantly from the band treated at a higher S1 concentration (see Fig. 2A for comparison) . This result shows that the band L that is 3'-end-labeled at the Ban II site has the other end cleaved by nuclease S1 at regions IIIb and I. This band L contains S1 nicks in region Illa.
Similarly, the band L that is 3'-end-labeled at the Nhe I site has the other end cleaved by nuclease S1 at regions 11b and IV. This band contains S1 nicks in region Ila. Since the generation of both bands L and S depends on the pH condition of the initial ClCH2CHO treatment of plasmid DNA, we speculate that regions 1 fl~b,I, and IV contain sites that undergo conformational change at low pH.
The distribution of ClCH2CHO-reactive sites is summarized in Fig. 2D . The ClCH2CHO-reactive bases are clustered in multiple regions in the neighboring sequences flanking the (dG-dC)16 sequence. The ClCH2CHO/Si-site distribution has an inversion-symmetrical pattern with its center of inversion in the middle of the alternating GC sequence.
Which ClCH2CHO-Reactive Regions Are Found in the Same Plasmid DNA Molecule? The data in Fig. 2 A and B revealed bimodal distribution of the ClCH2CHO-reactive regions on the 5' side of (dG-dC)16 insert for each DNA strand, and yet, at a higher concentration of nuclease S1, the ClCH2CHO-reactive sites are detected mostly on the regions closer to the (dG-dC)16 insert. Thus, we conclude that in a plasmid DNA molecule whose region I1b reacts with ClCH2CHO, the region IIa also reacts with ClCH2CHO. Similarly, in a plasmid DNA molecule whose region IIIb reacts with ClCH2CHO, the region llIa also reacts. However, to our surprise, bands L did not contain S1 nicks that map to the neighboring sequence on the other side of the (dG-dC)16 insert, which corresponds to regions I and IV. This observation was consistent throughout many experiments with very long exposures of x-ray films. Thus, for a single plasmid DNA molecule, CICH2CHO reacts with regions IIIa and 111b of the top strand but does not react with region IV of the same strand. Similarly, ClCH2CHO reacts with region IIa and 11b of the bottom strand but does not react with region I of the same strand of a plasmid DNA molecule. This result implies that there are two structural forms. One form of the plasmid molecule has an unpaired conformation in regions IIa, IIIb, and I, and the other, in regions IJa, I1b, and IV. These two forms are energetically equivalent as judged by the same intensity of bands L and S (Fig. 1) .
pH Dependence of the Site-Specific Reaction of Diethyl Pyrocarbonate with pLP32 Plasmid DNA. The altered structure formed in the neighboring regions of (dG-dC)16 insert depends on pH, as detected by the difference in their reactivity to ClCH2CHO. We asked whether the pH dependency of this altered structure can also be detected by other chemical reagents. For this purpose, we studied the diethyl pyrocarbonate reaction pattern with supercoiled pLP32 plasmid under various pH conditions (Fig. 2C) . The extent of the reaction between diethyl pyrocarbonate and the purine bases within the alternating GC sequence was not altered by the change in pH. However, the reactivity of this chemical with the GGA sequence immediately adjacent to the alternating dG-dC sequence for both strands (arrows) was sharply dependent on pH. Reactivity was observed at pH 5 and 5.5 but not at higher pH. At pH 5, the adenine residue of GGA was most reactive to diethyl pyrocarbonate, whereas at pH 5.5 all three residues were reactive. Using other buffers, we have confirmed that this difference in reactivity to diethyl pyrocarbonate is not dependent on the buffer system used.
Therefore, diethyl pyrocarbonate detected the pH-dependent sites that reside in the ClCH2CHO-reactive regions I and IV and are located near the junctions of (dG-dC)16 insert and pBR322 sequences. On the other hand, no pH-dependent structure was detected by diethyl pyrocarbonate in the region Ib or IIb. This may be due to the lack of reactable purine bases within these regions that participate in the pH-dependent structure.
DISCUSSION
At native bacterial superhelical density, plasmid pLP32, which is a derivative of pBR322 harboring (dG-dC)16 inserted into the BamHI site, is known to form Z-DNA at the (dG-dC)16 sequence (6). Using the supercoiled plasmid pLP32, we have studied first whether the B-Z junctions contain unpaired DNA bases and second whether the (dGdC)16 sequence is capable of affecting the DNA conformation of its neighboring sequence when it is under torsional stress. For this purpose a chemical reagent, ClCH2CHO, was employed; we have shown ClCH2CHO to be as sensitive and as specific a probe as BrCH2CHO for detecting unpaired DNA bases in supercoiled plasmid DNA.
We found that ClCH2CHO reacts mainly with the neighboring sequences flanking the (dG-dC)16 insert. The distribution of the ClCH2CHO-reactive sites, which occur in multiple discrete regions within -20 bp for both top and bottom strand, revealed an inversion-symmetrical pattern with its center of inversion in the middle of the (dG-dC)16 insert. Since the neighboring sequences 5' and 3' of the (dG-dC)16 sequence are pBR322 vector sequences that are mutually unrelated, such an inversion-symmetrical pattern for ClCH2CHO reactivity for these neighboring sequences shows that it is not a sequence-specific but rather a positionspecific phenomenon. When the (dG-dC)16 sequence is under torsional stress, it forms a Z-DNA structure, and this exerts a conformational alteration upon its neighboring sequences. For a long stretch of alternating purine/pyrimidine tracts found in human fetal globin gene intervening sequences, 20 bp or more of the flanking sequences has been reported to be sensitive to direct nuclease S1 digestion (18) . Raman spectroscopy studies showed that the Z conformation can distort the structure of the neighboring region (23) . On the other hand, previous chemical analyses of the B-Z junction revealed that the junctions are relatively tight, well-defined structures. When plasmids are under high torsional strain (negative superhelical densities >0.1), Z-DNA regions can expand to include neighboring DNA sequences (17) . The ClCH2CHO analysis led to the surprising result that for a given plasmid molecule, ClCH2CHO reactivity is limited to the neighboring sequence located on one side or the other of the (dG-dC)16 insert. Nonetheless, there is equal reactivity of ClCH2CHO with the neighboring sequence at either side of the (dG-dC)16 insert when the total population of plasmids is studied. The advantage ofthe ClCH2CHO method over direct nuclease S1 is that if multiple ClCH2CHO-reactive sites exist in a given plasmid molecule, all these sites can be detected on a denaturing acrylamide gel (see ref. 3 for example). In fact, two discrete ClCH2CHO-reactive regions were observed 5' of the (dG-dC)16 insert on a plasmid DNA molecule. Yet, another ClCH2CHO-reactive region 3' ofthe (dG-dC)16 insert on the same DNA strand was not detected for the same plasmid DNA molecule. The alternating dG-dC sequence itself possesses inversion symmetry, and therefore it is difficult to imagine that a given plasmid DNA molecule is fixed to have one neighboring sequence unpaired (for example, at regions IlJa, IIIb, and I) and not the other (regions Ila, Ilb, and IV). It is likely that the plasmid DNA has a dynamic structure that is an equilibrium state of the two forms as described above and, at any given time, ClCH2CHO has either trapped one form or shifted the equilibrium state from one form of the plasmid to the other. Thus, this conformational effect of alternating dG-dC sequences upon their neighboring sequences differs in nature from that of poly-(dG)-poly(dC) sequences, which is strictly unidirectional.
The altered structure of neighboring sequences induced by the (dG-dC)16 insert under torsional stress, once reacted with ClCH2CHO, does not simply "unfold" or take on characteristic single-stranded form when it is linearized. Ifthis were true, then nuclease S1 digestion would have been distributed equally upon each strand, rather than being unevenly distributed as we have observed. A similar phenomenon has been observed for the conformational effect of poly(dG)-poly(dC) sequences (3). ClCH2CHO seems to trap and freeze this complex but nonrandom structure at the neighboring sequences of the (dG-dC)16 insert.
The biological significance of potential Z-DNA-forming sequences is unclear. There is, however, evidence that suggests the functional role of Z-DNA in mammalian cells (reviewed in ref. 24) . Either ClCH2CHO or BrCH2CHO may be a suitable probe, when used in conjunction with diethyl pyrocarbonate, to test whether Z-DNA truly exists in vivo. If Z-DNA does exist in vivo, then one would expect to obtain a typical pattern; e.g., a "ladder" generated by purines in the Z-DNA that has reacted with diethyl pyrocarbonate, which in turn is flanked by clusters ofbands that reflect the DNA bases that have reacted with ClCH2CHO.
